CD59-deficient RBCs in CKD patients were significantly higher compared to HCs (0.34 vs. 0.15, and 4.3 vs. 2.0, p < 0.001 and p < 0.001, respectively). The mean fluorescence intensity (MFI) of CD55 and CD59 expression was significantly lower in CKD patients compared to HCs (1.2 vs. 2.8, and 17.0 vs. 20.3, p < 0.04 and p < 0. 001, respectively). The hemoglobin level was inversely correlated with the proportions of CD55-and CD59-deficient RBCs (r = -0.37, p < 0.001, and r = -0.22, p < 0.02, respectively). The number of CD59-deficient patients was significantly different between the 3 subgroups of CKD patients (p = 0.001), and a significant difference was present in the MFI of CD55 and CD59 expression among the 3 subgroups (p = 0.04 and p = 0.03, respectively). Conclusion: The expression pattern of CD55 and CD59 on RBCs is altered in anemic CKD patients, which could play a role in the pathogenesis of anemia in CKD. 
Introduction
Anemia is one of the most characteristic manifestations of chronic kidney disease (CKD) [1] . It is the most common of the hypoproliferative anemias resulting from organ dysfunction. Previous epidemiological studies had shown that 48-68% of predialysis end-stage renal disease patients had a hematocrit <0.30, and 51% of these had a hematocrit <25% [1, 2] . Anemia is not as common in earlier stages of CKD; patients with stage III disease have a prevalence of concurrent anemia of 5.2%, whereas those with stage IV disease have a prevalence of concurrent anemia of 44.1% [2] . The degree of anemia appears to be proportional to the degree of impairment of renal function, because the ability of the kidneys to secrete erythropoietin (EPO) deteriorates as renal function worsens; however, a direct correlation to the degree of renal dysfunction varies greatly between patients [3] .
In addition to the underproduction of EPO secondary to a decrease in the number of renal cortical cells, experimental and clinical observations revealed some of the other pathophysiologic mechanisms responsible for the etiology of anemia, including uremic-induced inhibitors of erythropoiesis, disordered iron homeostasis, shortened red blood cell (RBC) survival time, and concomitant blood loss secondary to uremic platelet dysfunction [3] . In patients undergoing dialysis, dialysis itself might contribute to the etiology of anemia through blood loss in the dialysis circuit due to hemolysis that could occur if there are problems with the dialysate (e.g., temperature problems, contamination with aluminum, fluoride, copper, chlorine, or chloramine) and deficiency of the dialyzable folate [4] . Secondary hyperparathyroidism also contributes to anemia in patients with CKD through suppression of the bone marrow [4, 5] .
Survival of RBCs is also mildly to moderately decreased in patients with renal insufficiency [6] . In the setting of anemia, RBCs become less deformable and are more susceptible to mechanical destruction and clearance by macrophages [7] . Metabolically, uremia causes RBCs to have a decreased activity of enzymes involved in the hexosemonophosphate shunt and decreases ATPase activity [7] . This leads to increased susceptibility to oxidative stress, abnormal membrane permeability, and increased RBC osmotic fragility that can lead to a decreased RBC life span [8] . Hemodialysis also introduces RBC toxins such as copper, formaldehyde, chlorine, nitrates, and chloramine, which can damage RBCs and decrease survival [8] . The mechanical process of dialysis can also lead to RBC fragmentation [8] .
Normal RBCs are well equipped to withstand damage by activated complement [9] . The complement system includes soluble and cell membrane-bound proteins, which circulate in the plasma in inactive forms, and can be activated through the classical pathway, alternative pathway, and lectin pathway [9] . These 3 pathways lead to C3/C5 convertase enzyme and the terminal pathway pore-like membrane attack complex formation, which leads to cell lysis [10] . RBCs are normally protected from complement-mediated lysis by the action of surface complement regulatory proteins, including decay-accelerating factor (CD55), and membrane inhibitor of reactive lysis (CD59), which belong to the group of proteins that are linked to the cell membrane via a GPI (glycosylphosphatidylinositol) anchor [9] . CD55 inhibits the aggregation of C3 and C5 convertases of the classical and alternative pathways, and thereby regulates the complement cascade at the C3 step, while CD59 limits the polymerization of C9 in the membrane C5b-9 complex [11] .
Although the role of CD55 and CD59 deficiencies is well understood in paroxysmal nocturnal hemoglobinuria (PNH), an acquired hemolytic anemia characterized by augmented sensitivity to complement-mediated lysis, limited information is available on the role of complement in RBC lysis in CKD, and on the influence of the EPO level and other proinflammatory cytokines on their expression on RBCs from patients with CKD [12] . Hence, the objective of this study was to explore the patterns of CD55 and CD59 expression on RBCs in patients with CKD, and their relationship with EPO levels and the inflammatory status of the disease, as expressed by the level of C-reactive protein (CRP).
Materials and Methods

Study Population
Ninety-one patients (49 males, 42 females) and 80 age-and sexmatched healthy controls (HCs) were enrolled in this study cohort. The expression pattern of CD55 and CD59 on RBCs of all enrolled CKD patients, as 1 cohort, was compared to that on RBCs of HCs. The effect of EPO therapy and renal replacement therapy (RRT) on the expression pattern of CD55 and CD59 on RBCs was also studied and compared among the anemic CKD patients, who were divided into 3 subgroups: group A (n = 30), treated with EPO therapy but not on RRT; group B (n = 30), treated with EPO therapy and RRT, and group C (n = 31), who were neither on EPO therapy nor on RRT. In this study, the WHO definition of anemia was used, i.e., males and females whose hemoglobin levels are <130 g/L and <120 g/L, respectively. The patients were recruited from Al-Amiri Hospital, and blood samples were collected over a 12-month period (April 2015 to March 2016). None of the patients had a history of blood transfusion in the last 3 months prior to sample col- 
Flow Cytometric Analysis of CD55 and CD59 on RBCs
Peripheral venous blood samples (4.5 mL) were collected from all enrolled subjects in test tubes containing EDTA (ethylenediaminetetraacetic acid) as an anticoagulant. An indirect immunofluorescence method was performed as described in the package insert of the Redquant CD55/CD59 kit (BioCytex, Marseille, France). The kit contained CD55 (clone 29D9) and CD59 (clone 2.24), monoclonal antibodies, fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse Ig reagent, precalibrated α-beads for CD55 analysis and β-beads for CD59 analysis on RBCs, and phosphate-buffered saline (PBS). Briefly, 20 μL of diluted EDTA whole blood (1: 150) was incubated with 20 μL of CD55 or CD59 for 10 min at room temperature. Two additional test tubes were used for each series, containing 40 μL of precalibrated α-beads or precalibrated β-beads, respectively. Test tubes containing stained whole blood and beads were incubated with 20 μL of FITC reagent for an additional 10 min. After the staining procedure, samples were diluted with PBS (2 mL) and stored at 4 ° C for up to 4 h until measurement. Flow cytometric analysis was performed within 8 h of sample collection according to the Redquant kit manufacturer's instructions (BioCytex).
The RBCs were analyzed for CD55 and CD59 expression using the Redquant kit according to manufacturer's instructions. The Cytomics FC 500 Beckman Coulter Flow Cytometer instrument (Beckman Coulter Inc., Brea, CA, USA) is available in the Research Core Facility laboratories in the Faculty of Medicine, Kuwait University. RBCs were gated on the basis of their forward and side scatter characteristics with the use of logarithmic amplification and 10,000 events were analyzed for each antibody. To set the interpretation cursors for CD55 and CD59, the mean fluorescence intensity (MFI) of pathological regions, the α-and β-beads, was displayed as the geometrical mean (GeoMean) r. The beads were used to set a standardized cursor in the fluorescence histogram (CD55 cursor and CD59 cursor markers), the left limit of which was set in the first channel and right limit corresponded to a standardized fluorescence channel position. The CD55 and CD59 cursor markers were determined by the following equations as stated in the manufacturer's data sheet: [αFI = "α" × α-bead MFI] for the CD55 cursor, and [βFI = "β" × β-bead MFI] for the CD59 cursor, where "α" and "β" values are indicated in the assay value insert included in the kit. Both standardized cursors allowed the percentage of CD55-and CD59-deficient cells to be determined. Thus, 2 parameters were obtained: the percentage of deficient CD55 and CD59 RBCs. The presence of a deficient clone was suspected when the pathological region contained more than 3% antigen-deficient cells. The strength of CD59 and CD55 expression, as evident by their MFI, on RBCs in CKD patients and HCs was also evaluated.
Measurement of EPO Levels
Peripheral venous blood samples were collected from all enrolled CKD patients and HCs in plain tubes. Blood samples were centrifuged at 5,000 g for 15 min, and serum samples were transferred into coded tubes and frozen at -80 ° C until the time of the assay. Enzyme-linked immunosorbent assay was used to measure EPO levels (eBioscience, San Diego, CA, USA).
Measurement of Parameters of Hemolysis and Inflammation
Biochemical and hematologic parameters were measured as part of the patients' routine care, including complete blood cell count, reticulocyte count (Beckman Coulter Hematology Analyzer), lactate dehydrogenase (LDH), and CRP (Beckman Coulter IMMAGE Immunochemistry System).
Statistical Analyses
Data were analyzed using IBM SPSS Statistics, version 23 (IBM, Armonk, NY, USA). Quantitative variables were analyzed using descriptive statistics that included measures of location (means plus standard deviations) and medians (interquartile ranges, IQR; 25th and 75th percentiles) for parametric and nonparametric variables, respectively. The bivariate distribution was evaluated for normality using the abovementioned standard descriptive statistical methods and by examining distribution plots. Parametric and nonparametric measures of comparison were used for symmetrical and skewed variables, respectively. Comparisons among the patient groups (CKD patients and HCs) were tested using the independent-sample t test. Correlations were tested using standard statistical methods depending on data distribution, the type of outcome measures, and the type of predictors, including the following: χ 2 test to determine whether there is a significant difference between CD55 and CD59 deficiency states among CKD patients and HC groups, analysis of variance (ANOVA) to compare continuous outcome measures among the 3 CKD patient groups, Mann-Whitney test to measure correlations between categorical predictors and nonparametric continuous outcome variables, and linear regression to test the associations between CD55-and CD59-related variables and parameters of hemolysis in CKD patients. A p value <0.05 (2-tailed) was considered statistically significant. Values are the mean ± SD, n (%), or median (IQR). CKD, chronic kidney disease; WBC, white blood cell count; Hb, hemoglobin; MCV, mean cell volume; RDW, red cell distribution width; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; CRP, C-reactive protein; EPO, erythropoietin; nd, not done.
Results
The mean age of the patients was 56.6 ± 13 years, the mean hemoglobin level was 105.2 ± 12.3 g/L, and the median serum creatinine level was 546 μmol/L (range 380-869). The hematologic and biochemical data for the CKD patients and HCs are summarized in Table 1 .
Expression of CD55 and CD59 on RBCs of All Patients with CKD
The number of cases (n = 68) with CD59 deficiency (deficient RBCs >3%) was significantly higher among CKD patients compared with HC subjects. CD55 deficiency was not detected in either patients or HCs (Table 2). The proportions of CD55-and CD59-deficient RBCs among CKD patients were significantly higher than among HCs (p < 0.001; Table 2 ). The MFI of CD55 and CD59 expression on RBCs in patients with CKD was significantly less than the expression on RBCs in HCs (p < 0.04 and p < 0.001, respectively; Table 2 ). A representative dot plot and histogram of the obtained resultant CD59 expression analysis in a CD59-deficent CKD patient is shown in Figure 1 .
Associations of CD55 and CD59 Expression among All CKD Patients
The level of serum creatinine in patients with CKD showed a significant direct correlation with the propor- 
Expression Pattern of CD55 and CD59 among the 3 Subgroups of CKD Patients
The expression patterns of CD55 and CD59 among patients with CKD are given in Table 3 . All CKD patients had RBC populations with CD59 deficiency. The number of CD59-deficient patients was significantly different between the 3 groups of patients (76.6% of group A, 53.3% of group B, and 93.5% of group C). CD55 deficiency was not detected in any subgroup. The proportions of CD55-and CD59-deficient RBCs were not significantly different among the CKD patient subgroups; however, a significant difference was present in the MFI of CD55 and the MFI of CD59 among the 3 subgroups.
Discussion
In this study, the number of CKD patients with CD59 deficiency was significantly higher compared to the HC cohort, and there were increased proportions of CD55-and CD59-deficient RBCs among CKD patients with various disease stages compared to normal HCs. The strength of CD59 expression on RBCs in the CKD patients, as shown by MFI, was also significantly lower than that in HC subjects. In this study, it could be speculated that altered CD55 and CD59 on RBCs of CKD patients might play a role in the increased susceptibility to hemolysis, leading to the development of anemia in this group of patients. A mild degree of hemolysis in CKD was previously demonstrated; however, its exact mechanism remains unclear [13] . Patients with CKD and those on chronic hemodialysis have enhanced susceptibility to complement activation because of a decreased renal catabolism of complement factor D [14] . They are also frequently exposed to increased complement activation as a result of inflammatory processes, including the contact of blood with dialysis membranes in patients on dialysis [15] . The terminal sequence of complement activation is initiated after the cleavage of C5 and leads to the assembly of the membrane attack complex (C5b-9) on target cell membranes. This creates a transmembrane pore that is functionally expressed by increased ion permeability of the RBC membrane and leads to osmotic swelling and the lysis of RBCs [16] . In a similar study, Himmelfarb et al. [17] reported that, although RBCs from CKD patients were susceptible to C5b-9 deposition with subsequent RBC ghost formation, the increased uremic RBC susceptibility to complement-mediated lysis was not associated with an altered expression of CD55 and CD59 on RBCs of CKD patients; however, unlike this study, they did not investigate the proportions of CD55-and CD59-deficient cells in their cohort of patients compared to HC subjects. It is possible that the difference in the sensitivity of the flow cytometric method used in their study is the cause of the different findings observed in this study.
In this study, the finding that there was a significant inverse correlation between the proportions of CD55-and CD59-deficient RBCs in CKD patients and hemoglobin levels, and a direct correlation with serum creatinine levels could be due to the susceptibility of RBCs in CKD patients to some degree of complement-mediated hemolysis that caused a multifactorial etiology of anemia in this group of patients. The significant inverse correlation between the inflammatory biomarker (CRP, and the MFI of CD55) and CD59 expression in this study could be due to the fact that patients with CKD were frequently exposed to active inflammatory processes that had been shown to be associated with loss of progressive renal function, and were etiologically related to several factors that included uremia, the release of cytokines by exposure to dialysis membrane, impaired renal clearance of cytokines, recurrent infections, and a reduced antioxidant capacity of plasma and RBCs [18, 19] .
The preferential significant association between the proportion of CD55-deficient cells and MFI of CD55 expression in patients with CKD and markers of hemolysis, including the hemoglobin level, reticulocyte count, and serum LDH level, and not with CD59-deficinet RBCs, could be due to the possibility that CD55 is a more critical protective complement regulatory protein than CD59.
The significant association observed in this study between the strength of CD55 and CD59 expression, as evident by their MFI, and EPO therapy is consistent with the findings of Ohi et al. [12] , who showed that recombinant EPO therapy increased the expression of CD55 and CD59 on RBCs of anemic patients on hemodialysis, thus mediating its efficacy. This study also showed that the serum CRP level, which was previously shown to be raised in CKD patients, negatively influenced the level of CD55 and CD59 expression [18] . It was previously postulated to explain the relative EPO resistance in about 25% of CKD patients on RRT [18] .
In agreement with previous studies, the results of this study suggest that altered expression of CD55 and CD59 on RBCs is not specific to PNH [20, 21] . It has been described in several disorders, including autoimmune hemolytic anemia, HIV infection, type 2 diabetes, and macrovascular disease, systemic lupus erythematosus, autoimmune thrombocytopenia, aplastic anemia, and polytransfused patients with β-thalassemia major [22] [23] [24] [25] [26] .
The preferential deficiency of CD59 in CKD patients, compared to CD55, is of interest. A similar finding was observed in a sickle cell disease patient [27] . The molecular basis of this finding is unclear, as it is unlikely to be due to a defective biosynthesis of the common GPI-anchored membrane proteins that is seen in PNH stem cell clones [28] . One possible explanation is related to the specificity of the gating strategy that is used in this study, which relies upon simple light scatter to "gate" RBCs in the sample. It had been shown that the specificity of RBC isolation could be improved by the addition of antibodies to glycophorin A (CD235a), a mucin-like transmembrane protein. It allows a more specific distinction of RBCs from cells of other lineages and debris, which may otherwise be misinterpreted as deficient RBCs [29] .
Conclusion
This study has shown that the pattern of CD55 and CD59 expression on RBCs was altered in anemic CKD patients. This finding could be a contributory factor in the pathophysiology of anemia in CKD, and could be influenced by the patient's inflammatory status and serum EPO level. Further studies are needed to explore the mechanism that alters CD55 and CD59 expression on RBCs in this group of patients.
